Laser-induced infrared photocarrier radiometry ͑PCR͒ is introduced theoretically and experimentally through deep subsurface scanning imaging and signal frequency dependencies from Si wafers. A roomtemperature InGaAs detector (0.8-1.8 m) with integrated amplification electronics is used instead of the liquid-nitrogen-cooled HgCdTe photodetector (2 -12 m) of conventional photothermal radiometry. PCR measures purely electronic carrier-wave ͑CW͒ recombination. The InGaAs detector completely obliterates the thermal-infrared emission band (8 -12 m), unlike the known photothermal signal types, which invariably contain combinations of carrier-wave and thermal-wave infrared emissions due to the concurrent lattice absorption of the incident beam and nonradiative heating. The PCR theory is presented as infrared depth integrals of CW density profiles. Experimental aspects of this methodology are given, including the determination of photocarrier transport parameters through modulation frequency scans, as well as CW scanning imaging. The PCR coordinate scans at the front surface of 500Ϫm-thick Si wafers with slight back-surface mechanical defects can easily ''see'' and create clear images of the defects at modulation frequencies up to 100 kHz, at laser-beam optical penetration depth ϳ1 m below the surface ͑at 514 nm͒. The physics of the contrast mechanism for the nonthermal nature of the PCR signal is described: it involves self-reabsorption of CWrecombination-generated IR photons emitted by the photoexcited carrier-wave distribution depth profile throughout the wafer bulk. The distribution is modified by enhanced recombination at localized or extended defects, even as remote as the back surface of the material. The high-frequency, deep-defect PCR images thus obtained prove that very-near-surface ͑where optoelectronic device fabrication takes place͒ photocarrier generation can be detrimentally affected not only by local electronic defects as is commonly assumed, but also by defects in remote wafer regions much deeper than the extent of the electronically active thin surface layer.
I. INTRODUCTION
In recent years the development of laser-induced infrared photothermal radiometry ͑PTR͒ of semiconductors in our laboratory [1] [2] [3] [4] [5] [6] [7] [8] [9] and elsewhere 10 as a quantitative methodology for the measurement of transport properties of semiconductors has led to several advances in the noncontact measurement of four transport parameters: bulk recombination lifetime, ͑two͒ surface recombination velocities, and carrier diffusion coefficient in Si ͑Refs. 1-10͒ and GaAs ͑Ref. 11͒. Reviews of the subject matter have been presented by Mandelis 12 and Christofides et al. 13 . The major advantage of PTR over other photothermal techniques, such as photomodulated thermoreflectance ͑PMOR͒, has been found to be the higher sensitivity of PTR to the photoexcited free-carrierdensity-wave ͑the modulated-laser driven oscillating electronic diffusion wave 14 ͒ than PMOR. 15, 16 This advantage exists due to domination of the free-carrier wave over the superposed thermal-wave ͑TW͒ contributions to the PTR signal. Even so, the ever-present thermal-wave contributions due to direct lattice absorption, followed by nonradiative energy conversion and blackbody ͑thermal-infrared͒ emissions, have resulted in the PTR signal interpretational and computational difficulties due to the large number of variables involved. 5 Therefore, confidence in the measured values of the four electronic transport properties is always accompanied by the hurdle of assuring uniqueness of the measured set of parameters in any given situation. With our development of the PTR methodology as a quantitative technique for nondestructive semiconductor diagnostics, we found 4, 5 that early measurements reported without regard to computational uniqueness 17 using simplified theoretical fits to frequency-scan signals cannot be unique and therefore reliable.
Several schemes to enhance the photoexcited free-carrierdensity-wave ͑or simply ''carrier-wave,'' CW͒ contributions to the photothermal signal have been proposed, such as working in the high-frequency, CW dominated, regime with PTR 12 , or using a tightly focused pump laser beam in PMOR. 18 However, the presence of even a diminished TW component in the high-frequency PTR will be shown in this work to have significant effects on the measured values of the transport parameters, to compromise sensitivity to the carrier wave and to complicate the task of physical interpretation of the signal, thus raising the question of uniqueness of the measured set of solid-state transport parameters. On the other hand, very tight focusing of the pump laser beam in PMOR tends to give rise to usually undesirable nonlinear thermal and electronic effects, 15, 19, 20 besides being unable to sufficiently eliminate the TW component of the signal. 21 Therefore, given the fundamental and practical importance of developing an all-optical, nondestructive and nonintrusive diagnostic methodology for monitoring only the transport properties of semiconductors, we concluded that the search for a purely carrier-wave laser-based detection methodology must move in the direction of isolating and eliminating the superposition of thermal-wave contributions to the infrared emission spectrum. In view of the inability of photothermal semiconductor diagnostic methods 13, 18 to eliminate the thermal-wave contributions, the development of infrared laser radiometry of semiconductors to optimize this task has been very promising, given the intrinsically higher sensitivity of its photothermal embodiment, PTR, to the photoexcited carrier-density wave than other photothermal techniques, notably PMOR. 16 In this paper, the theory and experimental configuration of infrared laser photocarrier radiometry ͑PCR͒, a technique only sensitive to the recombination of free photoexcited carrier-density waves, are introduced. Next, a first application of PCR to depth-profilometric imaging of deep-lying mechanically induced electronic defects in p-type Si wafers is presented, along with a comparison of PCR to conventional PTR with regard to quantitative measurements of CW transport properties.
II. THEORY OF INFRARED PHOTOCARRIER RADIOMETRY OF SEMICONDUCTORS

A. Kirchhoff's law and the oscillating carrier wave
In a photoexcited semiconductor of band-gap energy E G , an externally incident optical source such as a laser beam with super-band-gap energy photons ប vis уE G will be absorbed and can generate free carriers which may subsequently follow several deexcitation pathways as shown in Fig. 1 for an n-type material. Ultrafast decay to the respective band edge ͑e.g., conduction band͒ through nonradiative transitions and emission of phonons, will raise the temperature of the semiconductor locally. The free carriers will further diffuse within their statistical lifetime and will recombine with carriers of the opposite sign across the band gap or into impurity and/or defect states within the band gap. The electron-hole recombination mechanism with or without phonon assistance will lead either to nonradiative energy conversion through phonon emissions ͑e.g., in indirect-gap semiconductors such as Si͒ which will further raise the temperature, or to radiative decay which will produce photons of near-or sub-band-gap energy. A table of radiative recombination lifetimes at 300 K in Si and other semiconductors has been compiled by Hall. 22 In the presence of impurity or defect states within the band gap, free-carrier decay to one or more of those states may also occur through nonradiative or radiative transitions symbolized by dashed and full arrows, respectively, in Fig. 1 . Again, the former will raise the temperature of the semiconductor crystal through phonon coupling to the lattice, whereas the latter will produce photons of energy E G ϪE D Ӎប IR . In actual semiconductor materials, there may be a distribution of impurity and defect states into which deexcitation may occur. Therefore, it is more relevant to consider the full spectral range of IR emissions from a photoexcited semiconductor crystal: ប IR ϭប( D ). If the exciting super-band-gap radiation is intensity modulated at frequency f ϭ/2, then the photogenerated free-carrier density constitutes a spatially damped carrier-density wave ͑CW͒ ͑or carrier-diffusion wave, 14 ͒ which oscillates diffusively away from the generating source under its concentration gradient and recombines with a phase lag dependency on a delay time equal to its statistical lifetime a structureand process-sensitive property.
23 Figure 2 shows a virtual cross section of a semiconductor Si wafer where an infrared emission photon distribution is produced following laser radiation absorption and carrier-wave generation. For onedimensional geometries, such as those obtained with thin crystals and/or use of laser beams of large spot size, only forward-and backward-emitted photons of wavelength are depicted. The IR power generated at within a spectral bandwidth d is given by
where W NR ͓T T (z,t);͔ is the thermal-infrared power per unit wavelength generated due to temperature rise following FIG. 1. n-type semiconductor energy-band diagram showing excitation and recombination processes. Energy emission processes include nonradiative intraband and interband decay accompanied by phonon emission, as well as direct band-to-band recombination radiative emissions of energy ប( G ) and band-to-defect/impuritystate recombination IR emissions of energy ប IR ( D ).
FIG. 2.
Cross-sectional view of contributions to front-surface radiative emissions of IR photons from ͑a͒ a semiconductor strip of thickness dz at depth z; ͑b͒ reentrant photons from the back surface due to reflection from a backing support material; ͑c͒ emissive IR photons from the backing at thermodynamic temperature T b . The carrier-wave depth profile ⌬N(z,) results in a depth dependent IR absorption/emission coefficient due to free-carrier absorption of the infrared photon fields, both ac and dc.
optical absorption, as well as due to other nonradiative decays. The subscripts (r,t) indicate back-propagating ͑''reflected''͒ or forward-propagating ͑''transmitted''͒ photon power. W eR () is the spectral power per unit wavelength, the product of the recombination transition rate from band to band, or from band edge to defect or impurity state, as the case may be, multiplied by the energy difference between initial and final states. R is the quantum yield for IR radiative emission upon carrier recombination into one of these states. T T (z,t;) is the total temperature, including background temperature, temperature increase due to thermalwave oscillation following laser-modulated absorption and optical heating, as well as other nonradiative energy conversion pathways. Therefore,
Here, W P ͓T s (z,t);͔d is the familiar Planck distribution function, or spectral emissive power, representing the rate of radiative recombination within d, and sample volume ⌬V ϭA͓␣ IR ()͔ Ϫ1 of emitting cross-sectional area A normal to the z axis in Fig. 2 , and depth equal to the optical absorption depth at infrared wavelength . ␣ IR () is the IR absorption coefficient at and
͑3͒
(c 0 /n) is the speed of light in the medium of refractive index n. T s (z,t) is made up of only two contributions: background temperature and harmonic optical heating of the lattice at modulation frequency f. The remaining symbols in Eq. ͑2͒ have the following meanings: W eH () is the thermal IR photon generation power per unit wavelength due to intraband nonradiative deexcitation of hot carriers with energy ប vis ϪE G , Fig. 1 . (1Ϫ R ) is the nonradiative quantum yield for recombination processes, which generate total power W eR () per unit wavelength. The use of Eq. ͑3͒ in describing the thermal emissive power assumes the existence of thermal equilibrium in the semiconductor, a condition known as the principle of detailed balance. It states that the rate of radiative recombination at thermal equilibrium within an emission frequency interval d, centered at frequency , is equal to the corresponding generation rate of electron-hole pairs by the thermal radiation field present within the semiconductor. 23 Detailed balance is, in itself, a statement of Kirchhoff's theorem, 24 according to which ''for any body in (radiative) thermal equilibrium with its environment, the ratio between the spectral emissive power W (T,) (,T) and the emission coefficient ⑀(,T), the radiation density of the blackbody in the medium is given by (,T)ϭ␣ IR (,T)F P (,T) ͓Jm Ϫ3 ͔, where F P (,T) ϭW P (T,)/A is the blackbody energy flux across the elementary area A within , the characteristic emission time. According to Kirchhoff's law, using Eqs. ͑4͒ and ͑5͒, we find ⑀͑,T͒ϭ␣ IR ͑ ,T ͒. ͑6͒
When an external energy source, such as a laser beam, upsets the charge-carrier-wave distribution equilibrium as is the case with PCR, one needs to proceed with great caution in applying Eq. ͑6͒. Clearly, once a super-band-gap photon flux raises free carriers above the equilibrium density in the semiconductor, their recombination rate increases above the equilibrium value, which in turn generates sub-band-gap spectral emissive power R W eR ()d. The physical picture involves the emission rate of the thus created IR photons and its comparison to the absorption rate of the same IR photon field by the semiconductor in inducing the reverse optical transitions, since detailed balance requires that the recombination IR radiation should have the same spectrum as the absorbed IR photons of the ambient radiation field. 25 Away from carrierdensity equilibrium, the approach of Weinstein 26 may be adopted. Through thermodynamic arguments Weinstein 26 and Bauer 27 conclude that the emission coefficient, defined for spontaneous processes only, is entirely determined by the energy state configuration of the material and by the spontaneous transition probabilities connecting them. Therefore, ⑀(,T) is independent of the ambient radiation field. It follows that, for Kirchhoff's law to be valid, it suffices that the quantum states of the medium obey the equilibrium distribution, regardless of the temperature distribution of the radiation field. In low-power laser interactions with electronic carriers, it is easy to justify the Weinstein-Bauer conditions, as long as ͑i͒ there exist no intense electromagnetic optical or thermal gradient fields in the semiconductor to upset the quantum configuration of the energy states, driving the structure away from electronic energy equilibrium; ͑ii͒ upward electronic transitions following optical absorption result in efficient radiative deexcitations with minimal temperature increase of the lattice; or ͑iii͒ even if significant temperature changes occur due to nonradiative decays which may affect the background temperature of the lattice as in the case of CW generation, however, the temperature oscillation itself amounts to only minimal thermal-wave perturbations with no significant consequence in the structure of the energetic manifold of the semiconductor. Under these conditions, the semiconductor can be considered to be at electronic and thermal equilibrium during the oscillation cycle of the photoexcited CW: electronic transitions occur essentially adiabatically, with minimum thermal energy exchange interactions across well-defined electronic state densities. It also follows that the higher the oscillation frequency, the greater the adiabatic character of the transition, leading to a stricter validation of Kirchhoff's law through complete thermal decoupling of the CW oscillator ensemble, as experimentally observed by use of PTR. 4 Therefore, despite the large ambient radiation field oscillations, Eq. ͑6͒ is expected to remain essentially valid away from free-carrier-density equilibrium in PCR. The absence of cross coupling in the emitted power of Eq. ͑1͒ is a statement of the adiabatic superposition of thermal-infrared ͑Planck-mediated͒ emissions through the W NR ͓T T (z,t);͔ term, and direct electronic infrared emissions through the R W eR () term under equilibrium ͑i.e., constant͒ baseline temperature and a stationary material energy state manifold characterized by a well-defined Fermi level. A by-product of adiabaticity is that the IR spectra of thermal and recombination emissions are independent of each other, a feature that is central to the realization of PCR. Figure 2 shows an elementary slice of thickness dz centered at depth z in a semiconductor slab. The crystal is supported by a backing, but is not necessarily in contact with the backing. A modulated laser beam at angular frequency ϭ2 f and wavelength vis impinges on the front surface of the semiconductor. The super-band-gap radiation is absorbed within a ͑short͒ distance from the surface, typically, a few m, given by ͓␣( vis )͔ Ϫ1 , where ␣( vis ) is the visiblerange absorption coefficient of the pump radiation. The ensuing deexcitation processes generally involve radiative and nonradiative energy release components, resulting in the generation of an IR photon field in the semiconductor involving a relatively broad spectral bandwidth. At thermal and electronic equilibrium, assuming a one-dimensional geometry as a result of a large laser-beam spotsize and/or thin sample, the emitted IR photons have equal probability of being directed toward the front or the back surface of the material. Consider only those photons of wavelength generated through recombination and radiative emission which are crossing z ϩdz, traversing the thickness element dz and heading toward the surface zϭ0. The IR power increment P r (z,;) Ͻ P r (zϩdz,;) due to self-absorption by the diffusing free-carrier wave, leading to further carrier generation. Therefore, the net absorbed power within the strip dz is given by dP r ͑ z,; ͒ϵ P r ͑ zϩdz,; ͒Ϫ P r ͑ z,; ͒ϭ ͩ dP r dz ͪ dz
B. Emissive IR power generation in semiconductors
To obtain the IR power increment arriving at the surface from the semiconductor interior strip dz, we integrate the right-hand side of this equation from depth z up to the surface zϭ0 and take the spatial dependence of the IR absorption coefficient into account: From Kirchhoff's law, Eq. ͑6͒, ⑀(,T) can be substituted for ␣ IR (,T). ⑀(,T) is depth dependent because the emission rate depends on the spatial density of the recombining CW. The result of converting Eq. ͑1͒ into its frequency domain transform ͑Fourier component͒ and then integrating, is
where, besides its defining Eq. ͑7͒, dP r (z,;) also represents, through Kirchhoff's law, the contribution to the total IR emission at the front surface from the emissive source layer dz at subsurface depth z. Allowing for infinite interreflections of the back-propagating photons that generate dP r (z,;) in Eq. ͑8͒ at both surfaces zϭ0,L, with reflectivities R 1 () and R 2 (), respectively, and summing up all the contributions yields
for the IR power transmitted out of the semiconductor through the front surface ͑reflection͒; and dP t1 ͑ z,; ͒ϭ
for the IR power transmitted out of the semiconductor through the back surface zϭL ͑transmission͒. Similarly, the photons from the emissive source at depth z, which are directed toward the back surface, after infinite inter-reflections at the interior interfaces of the semiconductor, yield the IR power transmitted out of the semiconductor through the front surface ͑reflection͒:
and for the IR power transmitted through the back surface ͑transmission͒:
where
Adding the two contributions to the power transmitted through zϭ0 and zϭL, respectively, the following expressions are obtained:
͑15͒
It is evident that the second term inside the bracket of Eq. ͑14͒ originates at an image source at z 0 ϭ2LϪz with respect to the interface at zϭL and the second term inside the bracket of Eq. ͑15͒ is the image source at z 0 ϭϪz with respect to the interface at zϭ0. Equations ͑14͒ and ͑15͒ can now be used to calculate the total IR power exiting both surfaces of the semiconductor by integration as follows:
where ͓ 1 , 2 ͔ is the spectral bandwidth of the IR detector and the integration increment dz is implied in the expression for dP r,t (z,;). The resulting expression is the IR emissive power of the photoexcited semiconductor in terms of the spectral emission coefficient ⑀(,z). In its simplest reduction with ⑀(,z)ϭ␣ IR (,z), R 1 ()ϭR 2 ()ϵR(), and with only thermal-͑Planck-mediated͒ infrared emission contributions, the spatial integration of Eq. ͑16͒ can be easily performed and the resulting formula inserted in Eq. ͑5͒ without the wavelength integration to yield the back-propagation spectral emissivity or absorptivity
͑17͒
This expression was presented by Chen et al., 28 as a generalization of the well-known expression for a constant IR absorption coefficient. 29, 30 
C. Infrared signals from Si wafers and backing support effects
The expressions for the IR spectral emissive power, Eqs. ͑9͒-͑15͒ can be simplified considerably in the case of semiconductor crystals, such as industrial Si wafers, with polished front surface and nonpolished, matte, back surface which scatters the IR radiation with minimal or no reflected power. On setting R 2 ()Ϸ0 and allowing for a backing support material of reflectivity R b () in contact with, or at some distance d away from, the semiconducting sample back surface, the fraction of the radiation generated at depth z within dz, which leaves the back surface and is reflected back into the sample is dP b (zϭL,;)ϭR b ()dP t (z,;) from Eq. ͑15͒. This acts as an additional source, which contributes to the IR power from the strip dz at the front surface
͑18͒
Therefore, instead of Eq. ͑14͒, the spectral emissive power at zϭ0 from depth z becomes approximately
͑19͒
The various contributions to the emitted IR power can be separated out into background ͑dc͒ and harmonically varying components. Much work has been done in attempts to separate out carrier-wave and thermal-wave contributions through modulation frequency filtering, 2-5 however, they are always strongly mixed and can be separated out effectively only through spectral filtering at the IR detector. The various fields are
where T 0 is the ambient thermal-equilibrium temperature; also
͑24͒
and ⑀ 0 ,⑀ f c are the background IR emission coefficient and the component due to the free photoexcited CW, respectively. Through Kirchhoff's law, these quantities are equal to the background IR absorption coefficient ␣ IR0 and the CWrelated component ␣ f c , respectively. Both unmodulated emissive spectral powers per unit wavelength ͑Planck-mediated and direct radiative͒ can be conveniently grouped together:
According to Eq. ͑19͒ the ac component of the emission coefficient ⑀(z,;) gives rise to an infinite series of terms of the form
which contains dc and linear terms, as well as an infinite series of ͑nonlinear͒ higher harmonics. Given that the typical PCR experimental configuration only involves lock-in demodulation of the fundamental and rejection of the dc and all higher harmonics, inserting the first two terms of expansion ͑26͒ into Eq. ͑19͒, retaining the terms proportional to e it only, and integrating over the semiconductor depth coordinate as well as over the detector spectral bandwidth, Eq. ͑16͒, results in an expression for the total emitted power at the fundamental frequency across the front surface of the material or the field of view of the IR detector, which ever is smaller: 
)dzЈ for all a,b͓0,L͔ and the third group of terms in Eq. ͑27͒ can be safely neglected compared to the second term, at least for application to Si. As a result, Eq. ͑27͒ can be simplified
͑28͒
This expression shows that the presence of a backing support should increase the amplitude of the infrared signal by a factor of 1ϩR b ()͓1ϩR 1 ()͔ compared to the freestanding sample. In Eq. ͑28͒, both terms in the brackets are oscillatory. The first term oscillates due to thermal-infrared emissions from the optically heated lattice and nonradiative deexcitations. The second term is oscillatory through the dependence of the absorption ͑equivalently, emission͒ coefficient on the free-carrier density
for relatively low CW densities. Here, q is the elementary charge, ⑀ 0D is the dielectric constant, c is the speed of light in the medium, n is the refractive index, m* is the effective mass of the carrier ͑electron or hole͒, and is the mobility. This parameter is a function of donor or acceptor doping density and thus depends on ⌬N(z,;). The coherent oscillation of the free-carrier component of the IR absorption coefficient on account of the optical generation of carrier waves can act as an internal ''chopper'' for any incident external IR radiation, such as emissive power from a backing material. 34 To take into account the emissivity contributions of the backing material, we may assume a semiinfinite IRopaque support in contact with, or at some short distance away from, the back surface of the semiconductor. From en-
, where the subscript b indicates a backing material property. Using Kirchhoff's law, Eq. ͑5͒, it is easily deduced that
From the definition of emissivity, Eq. ͑4͒, the spectral emissive power from the backing is
. On entering the back surface of the semiconductor, the density of thermally emitted IR photons at substrate temperature T b will be periodically absorbed by the modulated CW and will emerge out of the front surface with a power
where R 2 ( b ) was assumed to be zero for matte surfaces. Use of Eq. ͑26͒ and retention of the fundamental component of the response only, yields the spectrally integrated backing emissivity contribution to the back-propagating IR power from the photoexcited semiconductor:
This expression assumes that the emissive power spectrum b is within the spectral bandwidth of the IR detector. The negative sign indicates that the modulated transmitted radiation power across the front surface due to incident unmodulated thermal radiation from the backing is always out of phase with that generated internally due to CW recombination processes: The peak of the modulated component of the dc photon flux traveling across the semiconductor bulk will exit from the front surface, and thus appear at the detector, when the CW amplitude is low or zero, since it is then that the material IR transparency increases. Therefore, the IR emission flux from the backing is essentially out of phase with respect to the CW oscillation and tends to decrease the modulation depth of the CW emissions as compared to the absence of these backing emissions. Using the same approximations as with Eq. ͑28͒ and incorporating Eq. ͑32͒ into that equation, yields the complete expression for the total emitted power at the fundamental frequency across the front surface of the material in the presence of a backing support which acts both as reflector of the semiconductor-generated IR radiation with spectrum centered at and as emitter of backing-generated IR radiation centered at wavelength b Even though the emission spectrum of the backing may clearly be different from that of the semiconductor itself, both contributions must be within the spectral bandwidth of the IR detector ͓ 1 , 2 ͔ in Eq. ͑33͒. Therefore, by changing b to it is assumed that only that portion of the two spectra that coincides with the detector bandwidth will be measured. The temperature of the backing support can also be different from that of the semiconductor, such as in the case of a heater. Equation ͑33͒ predicts that in the two extreme cases of a black absorber as a backing, with normal emissivity 35 e(T 0 ,)Ϸ1 and R b Ϸ0, and of a metallic mirror with e(T 0 ,)Ϸ0, Eq. ͑30͒, and R b Ϸ1, the expression in the curly bracket of total emitted power, Eq. ͑33͒, will become, respectively,
͑35͒
It is clear that a mirror backing will produce a stronger IR power emission than air backing, a prediction consistent with the earlier PTR experimental results 34 and with the PCR imaging results in this paper.
D. PCR of semiconductors with electronic damage or ion contamination
Photocarrier radiometry can be used as a CW imaging technique of electronically defective or impurity-ioncontaminated semiconductors. Focusing on the spectral bandwidth of the detector according to the requirement that the PCR signal spectral content should exclude Planckmediated ͑thermal-infrared͒ photon capture, and that it should only involve direct radiative recombination IR photon emission, PCR can yield information about electronic defects in a semiconductor. In an electronic material with subsurface defects that affect the photoexcited carrier-wave density, or with impurity-ion-contamination regions that affect carrier recombination, the physical picture of IR photon emission in the affected region can be described in terms of the two separate signal-generation mechanisms, Planck-mediated and direct radiative IR photon emission. In a defective or contaminated semiconductor in the absence of photoinjected carrier waves, a uniform Planck emission dominates the IR photon flux at thermal equilibrium due to the uniform temperature of the semiconductor. The spectral emissive power centered around is W P (T 0 ;)d, Eq. ͑3͒, and this function does not depend on optical or thermal properties of the semiconductor. In externally heated materials, it depends on the thermal properties only indirectly through the thermodynamic temperature T 0 . Under conditions of no carrier injection, the IR absorption/emission coefficient at any wavelength in such a defective or contaminated semiconductor is a function of the coordinate (x,y,z) due to distributions of damage layers or contamination regions. The background absorption/emission coefficient becomes a function of the coordinate ␣ 0 ‫␣ۋ)(‬ 0 (r,). Under optical injection conditions, Planck-mediated emission due to optical absorption by the lattice or nonradiative decay in damaged or contaminated regions is different from that of intact material because the thermal properties are different, which affects the local temperature. The emissive power ⌬W P (z,;), Eq. ͑24͒, in the affected region takes the form
where W P0 Ј (T 0 ,) is a temperature derivative given by the expression multiplying ⌬T T (z,) on the right-hand side of Eq. ͑24͒; the subscript d stands for ''defect.'' ␣ d is the absorption coefficient of the affected region at the excitation wavelength, vis . Its equivalent in the unaffected regions is symbolized by ␣. The injected CW from a modulated laser beam creates a modulated IR absorption/emission coefficient that differs in affected regions from other intact regions of the semiconductor. This occurs due to different optical absorption depths at the excitation wavelength, as well as different recombination rates in the affected regions. In the latter, the free-carrier-wave IR absorption coefficient is given by
in the low-injection limit, where the mobility d is independent of the doping density and under the assumption that the CW electronic properties (n d ,⑀ 0D,d
, d ) are only mildly dependent on the coordinate. The intact material equivalent of this equation, Eq. ͑29͒, can be written as ␣ IR f c (z,;,␣) ϭC()⌬N(z,;␣). Therefore, the net IR power emitted from a defective or contaminated semiconductor is
replacing Eq. ͑16͒. Taking into account the arbitrary spatial dependencies of the electronic parameters in the affected region, retaining only terms ϰe it , ignoring lateral variations across the semiconductor ͑i.e., assuming only depth distributions of defects/impurities leading to one-dimensional geometry͒ and using Eq. ͑36͒, it is found that Eq. ͑28͒ must be replaced by
͑39͒
where the harmonic dependence e it is implied and
A particularly useful and compact version of Eq. ͑33͒ for intact ͑homogeneous͒ semiconductors, incorporating Eq. ͑29͒ for the free-carrier-wave emission coefficient, and separating out spatial and modulation-frequency contributions from spectral contributions is given by
with the definitions
͑43͒
It is understood that integration over must be performed after the spatial integrations are completed. An equation similar to Eq. ͑41͒ can also be written for the region with subsurface defects. These expressions must be used in conventional PTR of electronic solids. For spectrally selective PCR, a simplified nonthermal signal expression can be written using Eq. ͑33͒, through elimination ͑filtering͒ of all thermal-infrared emission contributions:
͑44͒
Also, instead of Eqs. ͑41͒-͑43͒, the following PCR expressions are derived in one dimension:
with
Similar expressions with straightforward changes can be used for semiconductors with electronic defects or contamination.
III. PCR IMAGING OF ELECTRONIC DEFECTS IN SI WAFERS
A. Instrumentation and signal characteristics
The experimental implementation of laser infrared photocarrier radiometry is similar to the typical PTR setup for semiconductors, 4 -9 with the crucial difference being that the spectral window of the IR detector and/or optical filter, and the modulation-frequency response of the preamplifier stage, must be tailored through spectral bandwidth matching to a combination of carrier recombination emissions and effective filtering of the Planck-mediated thermal-infrared emission band. Conventional PTR utilizes photoconductive liquidnitrogen-cooled HgCdTe ͑MCT͒ detectors with spectral bandwidth in the 2 -12 m range. This includes the thermalinfrared range, 7 -12 m, and only part of the electronic emission spectrum at shorter wavelengths. Unfortunately, the spectral detectivity responses of MCT detectors are heavily weighed toward the thermal-infrared end of the spectrum. 36 The result is an infrared signal with unequal superposition of recombination and thermal emission responses with a larger weight of the thermal-infrared component. From preliminary experiments with several IR detectors and bandpass optical filters, we concluded that emissive infrared radiation from electronic CW recombination in Si is centered mainly in the spectral region below 3 m.
37 Among those, InGaAs detectors with integrated amplifiers, a visible radiation filter and a spectral response in the Ͻ1800-nm range, were found to be most suitable, exhibiting 100% efficient filtering of the thermal-infrared emission spectrum from Si as well as maximum signal-to-noise ratio over InGaAs detectors with separate amplifiers and InAs detectors. Therefore, infrared PCR was introduced using an optimally spectrally matched roomtemperature InGaAs photodetector ͑Thorlabs model PDA255͒ for our measurements, with a built-in amplifier and frequency response up to 50 MHz. The active element area was 0.6 mm 2 with a spectral window in the 600-1800 nm range with peak responsivity 0.95 A/W at 1650 nm. The incident Ar-ion laser-beam size was 1.06 mm and the power was 20-24 mW. The detector was proven extremely effective in cutting off all thermal-infrared radiation: Preliminary measurements using nonelectronic materials ͑metals, thin foils, and rubber͒ showed no responses whatsoever. Comparison with conventional PTR results was made by replacing the InGaAs detector with a Judson Technologies liquidnitrogen-cooled model J15D12 MCT detector covering the 2 -12 m range with peak detectivity 5 ϫ10
10 cmHz 1/2 W Ϫ1 . Figure 3 shows two frequency re-sponses from a test AlGaAs quantum well array on GaAs substrate using both the MCT and the InGaAs detectors. The MCT response is characteristic of thermal-wave domination of the PTR signal throughout the entire modulationfrequency range of the lock-in amplifier. On the other hand, the PCR signal from the InGaAs detector/preamplifier exhibits very flat amplitude, characteristic of purely carrier-wave response and zero phase lag up to 10 kHz, as expected from the oscillation of free carriers in phase with the optical flux which excites them ͑modulated pump laser͒. The apparent high-frequency phase lag is associated with electronic processes in the sample. The PTR signals were normalized for the instrumental transfer function with the thermal-wave response from a Zr alloy reference, whereas the PCR signals were normalized with the response of the InGaAs detector to a small fraction of the exciting modulated laser source radiation at 514 nm. Regarding the well-known nonlinearity of the PTR signals with pump laser power, 38 Fig. 4 shows a nonlinear response from the PTR system at laser powers տ5 mW. The PCR system, however, exhibits a fairly linear behavior for powers Ͼ15 mW and up to 35 mW, within the range of the present experiments.
Unlike the readily available thermal-infrared emissions from well-controlled reference samples for the purpose of instrumental signal normalization in semiconductor PTR, 39 the quest for suitable reference samples for PCR is a much more difficult problem because of the absence of detector response in the thermal-infrared spectral region. Furthermore, the foregoing normalization procedure using a small fraction of the excitation laser beam is error prone, as the InGaAs detector is extremely sensitive to light intensity and its wavelength and tends to exhibit nonlinear behavior.
Therefore, an indirect normalization method was introduced as shown in Fig. 5 . Frequency scans on a Si wafer with a large degree of signal variation across its surface were obtained from two such locations with very different responses, using both the MCT and the InGaAs detectors. Then the amplitude ratios and phase differences between the two locations using the same detector were plotted and the amplitude ratios were further normalized at 100 kHz, Fig. 5͑a͒ . These self-normalized data are independent of the instrumental transfer function and depend only on differences among electronic parameters ͑PCR͒ or combinations of thermal and electronic parameters ͑PTR͒ at the two coordinate locations. Upon superposition of the self-normalized signals it was found that both amplitude and phase curves essentially over- lapped within the electronic region. This implies that both detectors monitor the same electronic CW phenomena at high frequencies and thus the instrumental normalization of the PCR signal can be performed by ͑1͒ using the PTR signal from a high-electronic-quality reference Si wafer, normalized by a simple one-dimensional thermal-wave frequency scan of a homogeneous metallic solid; 5 ͑2͒ mathematically extracting the electronic component of the PTR signal 5 and adjusting the PCR signal to this component; and ͑3͒ using the PCR amplitude and phase frequency correction functions for all other signal normalizations. This indirect scheme was proven satisfactory. It will be seen in Sec. IV, however, that the small differences in the self-normalized high-frequency signals of Fig. 5 are indicative that the thermal-wave component of the PTR signal can be present even at the highest modulation frequencies and, without independent knowledge of the electronic properties of the reference semiconductor, it can affect their ''true'' values significantly, a conclusion we also reached about photomodulated thermoreflectance.
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B. Effects of backing material
A small area of the back surface of the Si wafer which was used for the signal linearity studies was very slightly damaged through gentle rubbing with sandpaper. The PTR and PCR frequency scans were obtained from outside and inside the region with the back-surface defect. Then line scans and two-dimensional images at fixed frequency were obtained covering the defect area. The wafer was suspended in air using a hollow sample holder, or was supported by a black rubber or by a mirror backing. Figure 6 shows the PTR frequency scans for all three backings. The strongest signal amplitude is generated with the mirror backing in both intact and defective regions. Air and rubber backings yield very similar signals. Figure 7 shows the PCR responses that indicate similar trends, but the PCR technique resolves the amplitudes from the three backings in the order S M ϾS A ϾS R , (M mirror, A air, R rubber͒. To understand the origins of the signal changes in the presence of a backing support, a highly reflecting aluminum-foil-covered backing was placed at a variable distance from the back surface of the Si wafer across from an intact region and the PTR and PCR signals were monitored, Fig. 8 . It is observed that the PCR amplitude remains constant for all three frequencies up to a distance of ϳ1 mm away from contacting the back surface, where it starts to increase. The curves are normalized to their value on the surface to show that the rate of increase is independent of frequency. The PCR phase remains essentially flat throughout. On the other hand, the PTR amplitude monotonically increases with decreasing distance from the back surface. The rate of increase changes slope ϳ2 mm away from the surface, a transition region where the phase also changes. Similar experiments with the mechanically damaged area replacing the intact surface resulted in very similar behavior. The PTR signal order with various backings observed in Fig.  6 is in agreement with measurements performed by Sheard and Somekh. 34 To determine the origin of the PTR and PCR signal variations with backing ͑whether due to IR photon internal reflections or backing emissivity changes 34 ͒, the laser beam was turned off and a mechanical chopper was placed at some distance away from the IR detector. Lock-in amplifier signals from the MCT detector using the same three Si-substrate interfaces were observed as follows: Mirror backing, 2.0 V; air backing, 1.88 V; black rubber backing, 1.86 V; bare rubber or mirror with no overlying Si sample, 1.95 V. These values were greatly influenced by the emissiv- , b ) , Eq. ͑30͒, it is not immediately evident whether the signal enhancement at close proximity of the substrate to the sample in Fig. 8 may be due to transmitted substrate dc thermal-infrared emissivity, modulated by the harmonically varying IR emission coefficient of the Si wafer, or may be due to direct-recombination-emitted and substrate-reflected modulated IR photons from inside the Si wafer. The fact that both amplitude and phase PTR signals from rubber and air ͑no reflection͒ are almost identical, Fig.  6 , and the approximate normal emissivities are Ӎ1 for air and Ӎ0.86 for black rubber ͑Ref. 35, p. 531͒ supports the hypothesis of Sheard and Somekh that the PTR signal enhancement with a mirror ͑normal emissivity р0.04 ͑Ref. 35 p. 531͒ is due to the dc emissivity of the backing. This is further corroborated by the PTR behavior shown in Fig. 8 , the monotonic increase of which can be understood in terms of the transmission of IR emissive photons within an increasing solid angle subtended by the MCT detector to the other side of the wafer. On the other hand, the dc emissivity experiments with the InGaAs detector in place are clear evidence that its spectral bandwidth lies entirely outside the thermal IR ͑Planck͒ emission range of the Si wafer with or without substrate. Therefore, the PCR amplitude enhancement for mirrored and rubber backings, Fig. 7͑a͒ , is consistent with simple reflection of exiting ͑transmitted͒ CWgenerated IR photons at the surface of the backing, with no possibility for thermal-infrared emissivity contributions from the backing itself. The order of the PCR amplitude curves indicates that the surface of highest reflectivity ͑mirror͒ yields the strongest signal. Apparently, the Si-air interface is a more efficient backscatterer of IR photons than the Si-black rubber interface, where these photons are expected to be more readily absorbed by the rubber. From Eq. ͑44͒ it is expected that the ratio of the PCR signals with mirror and black rubber backings should be approximately ͓2 ϩR 1 ()͔/"1ϩR b ()͓1ϩR 1 ()͔…Ϸ1.94. The measured ratio from the low-frequency end in Fig. 7͑a͒ is 1.8 . The PCR signal dependence on the distance (р1 mm) between sample and substrate indicates that substrate-reflected IR photons exiting from the sample itself contribute to the observed PTR signal enhancement, an effect not foreseen in the hypothesis of Sheard and Somekh. This additional source of the PTR signal is likely to be responsible for the change in the PTR amplitude slope and phase shift at distances Ͻ2 mm observed in Fig. 8 . Figure 9 shows line scans with the excitation laser-beam scanning the front ͑polished͒ surface of a 20-⍀cm p-type Si wafer and the IR detector on the same side. Based on the backing results, for maximum signal strength the sample was resting on a mirror. Both the PTR and PCR amplitude and phase scans were obtained and both show sensitivity to the deep defect on the back-surface scratched region. However, at 100-kHz imaging can be performed only with the PCR signal. At all three selected modulation frequencies, the PCR amplitude decreases when the laser-beam scans over the defect region, consistent with the expected CW density decrease as the back-surface defect efficiently traps carriers and removes them from further diffusion and potential radiative recombination. The PCR phase scan remains essentially constant at 10 Hz, Fig. 9͑b͒ , as the diffusion-wave centroid is solely determined by the ac carrier-wave-diffusion length
C. PCR imaging of deep subsurface electronic defects
where is the lifetime and D* is the ambipolar carrierdiffusion coefficient. This particular wafer was measured to have Ӎ1 ms and D*Ӎ12 cm 2 /s, which yields an ͉L ac (10 Hz)͉Ӎ1.1 mm. Therefore, the CW centroid lies well beyond the thickness of the wafer (ϳ630 m) and no phase shift can be observed. At the intermediate frequency of 1360 Hz, ͉L ac ͉Ӎ373 m, well within the bulk of the wafer. In this case, a phase lead appears within the defective region. This occurs because the CW spatial distribution across the body of the wafer in the defective region is weighed more heavily toward the front surface on account of the heavy depletion occurring at, and near, the back surface. As a result, the CW centroid is shifted toward the front surface, manifested by a phase lead. Finally, at 100 kHz, ͉L ac ͉Ӎ44 m. Nevertheless, Fig. 9͑a͒ shows that there is still PCR amplitude con- FIG. 8 . The PCR and PTR distance scans between an intact back-surface region of the Si wafer and a highly reflective aluminum foil-covered substrate. All amplitude curves have been normalized to unity at the wafer back surface; phase curves indicate the offset ͑in degrees͒ of the experimental phase for convenience in grouping. Laser power: 24 mW. trast at that frequency, accompanied by a small phase lead, Fig. 9͑b͒ . For the PTR scans, Fig. 9͑c͒ shows that the overall amplitude is controlled by the CW component at 10 and 1360 Hz, and there is a small contrast at 100 kHz. The PTR phase contrast within the region with the back-surface defect first appears as a lag at the lowest frequency of 10 Hz, as expected from a shift away from the front surface of the diffusion-wave centroid in the presence of a remote thermalwave source which is added to the combined PTR signal. At that frequency, the thermal-wave diffusion length 14 is L t ()ϭͱ2D t /Ӎ1.7 mm, that is, the back surface is in thermal conductive communication with the front surface. Therefore, the thermal wave, rather than the carrier wave, controls the overall diffusion-wave PTR behavior of the Si wafer at 10 Hz. At 1360 Hz, however, L t Ӎ148 m, therefore, there is no thermal contact with the back surface. The only signal component affected by the remote defect is the CW, and the phase behaves as in the PCR case, exhibiting a net lead within the defective region. At 100 kHz there is no PTR phase sensitivity to the defect; only a vestigial amplitude contrast, Figs. 9͑c,d͒. To maximize the PCR and PTR imaging contrast, differences in amplitudes and phases as a function of frequency were obtained outside and inside the defective region. It is with the help of this type of analysis that the 1360 Hz frequency was chosen for both techniques as one with the highest contrast in phase ͑but not in amplitude͒. It is clear that while the PTR contrast is generally higher at low frequencies due to the cooperative trends in both thermal-wave and carrier-wave components, however, the PCR imaging contrast becomes superior above ca. 1 kHz and retains its contrast even at the highest frequency of 100 kHz. Figure 10 shows images of the back-surface defect obtained through front-surface inspection using both techniques at the optimum contrast frequency of 1360 Hz. Figure 11 shows the same scan at 100 kHz. At this frequency, the PTR image is dominated by noise and is unable to produce any contrast between the intact and defective regions, wheras the PCR image clearly shows the highest spatial resolution of the back-surface defect possible. The PCR phase, Fig. 11͑b͒ , shows details of the central defect as well as the radially diverging defect structures at the base of the central defect, such as a ''zoomed in'' version of the 1360 Hz image, Fig.  10͑b͒ . Both the PCR images clearly reveal internal substructure of the central defect, which was invisible at 1360 Hz. In a manner reminiscent of conventional propagating wave fields, image resolution increases with decreasing carrier wavelength, ͉L ac ()͉. Similar images to Figs. 10 and 11 were obtained with air or rubber backing of the same wafer, with marginally diminished detail and contrast. The contrast for the PCR phase imaging at 100 kHz, Fig. 11͑b͒ , is about 11% for amplitude ͓Fig. 9͑a͔͒, while the phase difference is only 1°͓Fig. 9͑b͔͒. The very high sensitivity of the PCR imaging to defect identification is apparent: despite this very small variation in phase, the defect can be clearly delineated. In the case of PTR at 100 kHz, the contrast for amplitude is about 28% ͓taking the sharp peak in Fig. 9͑c͒ into account͔. The phase difference is about 10°. An examination of Figs. 9͑c͒ and 9͑d͒ at 100 kHz shows that this ''higher contrast'' is caused by fluctuations of the signal, as the PTR signal-tonoise ratio ͑SNR͒ is relatively poor, resulting in the disappearance of the back-surface defect from the images Figs. 11͑c,d͒. The PCR images exhibit much higher SNR and clearly reveal the defect structure.
Under front-surface inspection and precise depth profilometric control by virtue of the PCR modulation-frequencyadjustable carrier-wave-diffusion length, Eq. ͑47͒, Figs. 10 and 11 show that with today's high-quality, long-lifetime industrial Si wafers, one can observe full images of sharp carrier-wave density contrast due to underlying defects very deep inside the bulk of a Si wafer. Specifically, highfrequency PCR imaging reveals so far unknown very longrange effects of carrier interactions with deep subsurface defect structures and the detrimental ability of such structures to decrease the overall free photoexcited-carrier density far away from the defect sites at or near the front surface where device fabrication takes place. This phenomenon may be important toward device fabrication improvement through careful selection of substrate wafers with regard to deep bulk growth and manufacturing defects that were heretofore not associated with device performance. Further, the PCR imaging experiments with shorter lifetime Si wafers have shown that it may be beneficial to use lower quality starting substrates in order to avoid the full effects of deep subsurface defects on the electronic quality of the upper ͑device-level͒ surface.
IV. QUANTITATIVE PCR MEASUREMENTS OF ELECTRONIC TRANSPORT PROPERTIES
The structure of Eq. ͑27͒, the expression for the total emitted power from a semiconductor crystal at the fundamental frequency across the field of view of the IR detector, shows depth dependence of the spatial integrals on the equilibrium IR emission coefficient ⑀ 0 () of the semiconductor. If this parameter is larger than 1 -5 cm Ϫ1 , it introduces a weighting factor e Ϫ⑀ 0 ()z under the integral signs of the compact expression for the total IR emission, Eq. ͑41͒, as well as for the pure PCR emission, Eqs. ͑44͒-͑46͒. To estimate the effect of such a factor on the PCR signal, especially in the case of low-resistivity, high-residual infrared absorption Si wafers, a simulation was performed using the PCR Eqs. ͑45͒ and ͑46͒ in the three-dimensional ͑3D͒ form
The equation for ⌬N(r,z,), the 3D extension of ⌬N(z,) is the solution to the photocarrier-wave boundary-value problem. It was obtained from Ref. 14, Chap. 9, Eq. ͑9.106͒, and it is reproduced here ⌬N͑r,z, ͒ϭ
͑51͒ and e ͑ k ͒ϵͱk 2 ϩ e 2 . ͑52͒
Here, k stands for the Hankel variable of radial integration, W is the Gaussian laser-beam spotsize, S 1 and S 2 are the front-and back-surface recombination velocities, L is the thickness of the semiconductor slab, ␣ is the optical absorption coefficient at the excitation wavelength vis ϭc 0 /. Q is the quantum yield for optical to electronic energy conversion and P 0 is the laser power. The carrier-wave number is defined as
In the simulations that follow and in the theoretical fits to the experimental data, the variable r was integrated over the surface of the IR detector. crease in amplitude, especially at low frequencies, in the carrier-diffusion-wave thin regime (͉L ac ()͉ϾL), as emissions throughout the bulk of the crystal are gradually impeded with increasing background carrier density ͑and thus IR absorption coefficient͒ due to self-absorption of the IR recombination photons by the background free-carrier-wave density. At high frequencies, in the carrier-diffusion-wave thick regime (͉L ac ()͉ӶL), little attenuation of the backward emitted IR recombination photon flux occurs because the IR-opaque subsurface layer involved in the CWgenerated emission is very thin. Therefore, all amplitude curves converge. The PCR phase lags show sensitivity at high frequencies; they decrease with increasing frequency because the contributing CW centroid moves closer to the front surface with increasing IR opacity of the semiconductor. Figure 12 shows that for typical ␣ IR0 ranges 31 of 1 -2 cm Ϫ1 the effect of self-reabsorption of IR photons due to background free-carrier-wave densities is minimal and therefore the approximate Eqs. ͑28͒, ͑33͒, ͑41͒, ͑44͒, ͑45͒, and ͑46͒ are justified. The PCR image contrast of Figs. 10 and 11 can, in principle, be quantified by use of the CW term in Eq. ͑41͒, appropriately modified to accommodate the defective region:
͑54͒
where ⌬ P() is the difference in signal between the intact and defective regions. This is a complex quantity, so it can be separated out into amplitude and phase components. The apparent simplicity of this expression is due to the fact that the subsurface defects considered here are on the back surface of the wafer and their presence mostly impacts the value of S 2 in Eq. ͑49͒, while the bulk parameters and the terms comprising the prefactor F 2 ( 1 , 2 ), Eq. ͑46͒, remain essentially unaltered, including C d ()ϷC() for a thin damage layer in an otherwise homogeneous semiconductor. If these conditions are not fulfilled, then the electronic component of Eq. ͑39͒ must be used to quantify PCR contrast due to distributed subsurface electronic defect structures.
The mild mechanical defect on the back surface of the p-type Si wafer that generated the images of Figs. 10 and 11 proved to be too severe for our sensitive InGaAs photodetector: upon scanning the affected surface, the PCR signal vanished within the region of the defect, apparently due to the highly efficient trapping of the photogenerated free carriers by the high density of near-surface electronic defect states. Therefore, a different region of the same wafer was chosen to create a visually undetectable defect by simply touching the back surface of the wafer with paper. Then both the PTR and PCR frequency scans were performed on both sides of the material, outside and inside the defect region. Figure 13 shows the PTR amplitudes and phases for all four spots, as well as theoretical fits to the experimental data. The curves were normalized for the instrumental transfer function, including the MCT detector and preamplifier, by a zirconia reference sample of known thermophysical properties. The PTR theoretical model was a superposition of carrier wave and IR emissions of thermoelectronic origin using coupled field expressions ͑Ref. 14, Chap. 9.12͒, with adjustable thermal and electronic coefficients, C t and C p , respectively. 4, 5 The effect of the back-surface defect was modeled as a change in S 2 ͑front-surface probing͒ only. When the wafer was turned over, the definitions of S 1 and S 2 were reversed. It will be noted that the results of the theoretical fits to data obtained from the front ͑polished͒ surface of the wafer clearly indicate an increase in S 2 inside the region with the back-surface defect. At the same time, the ambipolar diffusion coefficient D* increased from 12 cm 2 /s to 15 cm 2 /s. This is probably due to the steepening of the CW spatial gradient across the bulk of the wafer as a result of depletion at the back surface, which tends to increase the carrierdiffusion-wave flux toward the bulk of the sample and thus increase the effective value of D*. The absolute value range of D* is within the accepted values of hole diffusivity in p-type Si. 5 Upon turning the sample over, the and D* values did not change much from those measured from the polished side, however, the absolute values of S 1 ͑formerly S 2 ) and S 2 ͑formerly S 1 ) changed significantly, with the damaged surface value increasing from 450 cm/s to 650 cm/s. The other surface recombination velocity values also show changes. The reason for these discrepancies probably lies with the values being spatial averages over nonuniform subsurface regions of the sample bulk sampled under the PTR probe, as spreading spherical CW diffusion below the surface of the wafer probably encounters electronically and thermally inhomogeneous regions, especially in the neighborhood of the affected spot. The differences in texture of the polished and matte surfaces as seen by diffusing carrier waves from the inside of the material may also be a factor affecting the mean surface recombination velocities. Figure 14 shows the PCR frequency scans at exactly the same spots as Fig. 13 . Here, signal normalization was performed by extracting the CW component of the PTR signal, i.e., the depth integral over ⌬N(r,z,), Eq. ͑49͒, associated with the prefactor C p in the front intact region of Fig. 13 , and making it the reference PCR signal for the same region. The thus obtained PCR amplitude and phase transfer functions were subsequently used for all other measurements. The theoretical phase fits to the PCR data show better agreement at the highest frequencies than the respective PTR fits, a feature observed with other Si experiments as well. The values are similar to their PTR counterparts. Regarding the D* values those outside the defect remain constant for both sides of the wafer, however, the D* value from the back inside the defect region is relatively low. The higher sensitivity of the InGaAs detector to the electronic state of the inspected surface is probably responsible for this discrepancy, as the theoretical phase fit is poor at high frequencies (Ͼ1 kHz) within that region, an indication of near-surface depth inhomogeneity of transport properties. On the other hand, the PTR phase is less sensitive to the electronic component, resulting in a much better ͑and very likely artificial͒ fit, Fig. 13͑b͒ . Regarding the surface recombination velocities, similar trends to the PTR results are observed, with the PCR showing different ͑lower͒ absolute values within the damaged region. This is a consistent trend also observed with other damaged Si wafers, for which PTR usually yields higher ͑or much higher͒ values. It can be explained by the strong nonradiative energy conversion character of poor surfaces and the PTR ability to monitor thermal-infrared emissions superposed on purely recombination IR emissions. This superposition tends to amplify the effect of enhanced nonradiative recombination on poor surface conditions and to yield increased effective values of the respective velocities. In summary, comparison of Figs. 13 and 14 and the resultant theoretical fits show that the PCR signals are very sensitive to the electronic state of the probed semiconductor surface and bulk, whereas the PTR signals can be subtly or grossly masked by thermal-wave contributions which may significantly affect the values of the photoexcited carrier transport properties. It is also shown that the theoretical/computational extraction of the electronic component from the PTR signal superposition 4, 5 may not be entirely accurate or complete.
V. CONCLUSIONS
Photocarrier Radiometry ͑PCR͒ has been introduced as a high contrast, sensitive, and quantitative electronic materials inspection technique and several comparisons with the conventional PTR of semiconductors have been performed. The technique depends on an optimized infrared photon detection circuit, with the infrared detector spectral window being matched to the recombination emission spectrum of the semiconductor under investigation. As such, PCR filters out entirely the thermal-infrared component of the spectrum and thus monitors purely electronic phenomena. First reported applications include scanning imaging of deep subsurface electronic defects and quantitative measurements of the major transport properties of Si wafers: carrier recombination lifetime, ambipolar diffusion coefficient, and surface recombination velocities. A noteworthy feature of the highfrequency PCR imaging is the so far unappreciated very long-range effect of carrier interactions with deep subsurface defect structures and the detrimental ability of such structures to decrease the overall free photoexcited-carrier density in locations far away from the defect sites at or near the front surface where device fabrication takes place. Therefore, PCR may become an important tool toward device fabrication improvement through careful selection of substrate wafers with regard to deep bulk growth and manufacturing defects that were heretofore not associated with device performance.
